Summary.-A proportion of W-256 tumour cells injected intravenously into a tail vein of the rat are diverted into venous plexuses en route to the lungs; here tumour cells remain trapped, proliferate and form invasive solid tumours in the pelvis and hindquarters, which cause paraplegia, metastases and death. Also, cells trapped in veins produce tumour nodules distributed along the length of the tail; this effect is markedly enhanced by temporarily arresting the outflow of blood from the tail for a few seconds only immediately after the cells are injected. Continuous monitoring of the radioactive signal over the lungs after W-256 cells labelled with 125IUDR were injected showed that massaging the tail or intravenously injecting isotonic saline into the tail dislodged cells trapped in veins. In heparinized rats, tail trapping was markedly reduced, although not entirely abolished, and venous trapping in vertebral and paravertebral regions was decreased. The anatomical distribution of growth of the trapped cells in rats closely resembled metastases involving dissemination via the " vertebral venous system " produced by certain cancers in man.
Labelled tumour cells trapped in the lungs of untreated mature rats commenced dying rapidly in situ within 1-2 h after injection; the majority had disappeared within 24 h, and less than 1% of the injected tumour cells survived to form lung colonies. Experimental evidence is presented which indicates that the lungs play a vital role in rapidly eliminating a high proportion of blood-borne cancer R3renk, 1973c ).
We describe further experiments which have shown that a proportion of intravenously injected tumour cells do not reach the lungs but are diverted en route to the lungs into ramifications of the venous system of the tail, hindquarters and pelvis of the rat, where the cells trap and grow rapidly, to form tail tumour nodules and large invasive solid tumours in muscle and bone of the lumbosacral and adjoining regions, which cause paraplegia, metastases and death. That this phenomenon plays a role in spontaneous haematogenous dissemination of certain malignant tumours in man has been established by the observations of Batson (1940) and Franks (1953 Franks ( , 1956 . We have also investigated the possibilities that anticoaguilant therapy and tissuie massage may mobilize tumour cells trapped in the tissues en route to the lungs, and have made measurements of rates of death of labelled tumour cells trapped in the lungs of rats, which indicate that the lungs play a vital role in capturing an(d rapi(lly elimincatinig cancer cells from the blood.
MATERIALS AND METHODS
The methods used to passage the subline of Walker (W-256) tumour employed in these experiments and to prepare single cell suspensions of the tumour for intravenous injection of female Caworth Farm strain (SPF) rats, to administer whole body irradiation (WBI), and to locally irradiate the thorax (LTI) or other parts of the body of rats, have been described previously (van den Brenk et al., 1973a, b To arrest the circulation in the tail completely a rubber band was used as a tourniquet; it wNas wound tightly around the base of the tail of the anaesthetized rat and the 2 ends were clipped in place with a haemostat, and after a chosen interval in time the tourniquet was removed to restore the circulation of blood.
Sterilization of trapped tumlour cell.s by local x-radiation. To allow tumour cells w-hich had failed to reach the lungs after intravenously injecting 104-105 W-256 cells to grow into colonies of palpable size in the tail, or to form tumours elsewrhere, the majority of injected cells which did enter the lungs wNere sterilized by LTI to prevent death of rats during the first 14 days from growrth of tumour in the lungs; the thorax was irradiated w%ith a single dose of 750-1000 rad x-rays 2-24 h after the intravenous injection of tumour cells. The rats were examined at 1-2-day intervals for the development of palpable growth of tumour in the tail and elsewhere, dyspnoea and anaemia produced by growth of tumour in the lungs, and for signs of paralysis of hind limbs caused by destruction by tumour of the vertebral column. As soon as paraplegia or dyspnoea was evident, rats were killed to prevent further suffering and an autopsy was performed. In various groups, rats wAith palpable tail colonies were also killed; the skin of the tail was dissected off the underlying muscle and tendon, pinned out on strips of polystyrene and stored in 7000 alcohol containing 0-10% toluidine blue, which stained the tumour deposits a deep blue.
In one experiment, rats were anaesthetized 10 min after intravenous injections of the tumour cells; the tail of each rat wxas enclosed in a lead tube (4 mm thick walls) and the remaining unshielded parts of the body irradiated wA-ith 500 rad to reduce subsequent growsth of tumour cells in the lungs and other parts of the trunk. In another experiment, the tail of each rat was irradiated locally wNith 4000 rad 10 min after injection to kill tumour cells wi-hich had trapped in the tail only.
Radioyraphy. Under anaesthesia, plain having an appropriate aperture and an additional lead diaphragm, was screwed to the top of the castle and this served as a platform for mounting the anaesthetized rat. The rat was taped down in supine position onto the platform so that the crystal continuously viewed a segment of the thorax between the manubrium and xiphisternal junction. To maintain the anaesthesia, a diluted solution of pentobarbitone Na (10-4 mg in 5 ml isotonic saline) was continuously injected intraperitoneally at a constant rate (1-3 mg/h) using a motorized syringe (Palmer 130). In this way rats could be immobilized for monitoring the lung signal for times up to 21 h after the injection of tumour cells if necessary, and then allowed to recover so that lung colonies which grew could be subsequently counted. 125lodine emits a y ray at 35 Kev with 700 efficiency, and an x-ray at 27 Kev with 930, efficiency, as a result of internal conversion of a " K " orbit electron. Passage of this electromagnetic radiation from the label through tissue results in attenuation to 500% intensity in 1-5 cm. Hence, signals from labelled cells trapped in the lungs w-ere readily detected externally over the thorax. The signal over the thorax from labelled cells was studied in untreated rats, in heparinized rats, in rats given LTI or rabbit anti-rat lymphocytic serum (ALS) and in rats immunized against W-256 cells by the method described previously (van den Brenk et al., 1973b) . The effects of occlusion of the venous outflow from the tail (described above) on the signal, and of centripetally " milking " (massaging) the tail towards the heart, or of intravenously injecting additional normal saline after the labelled cells had been injected intravenously into the tail, were studied also to determine whether labelled cells trapped in the venous system could be dislodged and made to enter the lungs. Radioassays of the 3H and 1 251 concentrations in various tissues removed from rats which had been injected intravenously wvith W-256 tumour cells, labelled in vitro with 3H-thymidine or 1 251UDR, wrere performed as described by Burch (1972 approximately 1715 ,um3 in volume. In rats given I 000 rad LTI 7 days before the intravenous injection of tumour cells, colony forming efficiency (CFE) in the lungs was markedly increased but the pattern of tumour cell arrest remained unaltered.
A single dose of 1000-1500 rad LTI given within 24 h after 104-105 W-256 tumour cells had been intravenously injected via a tail vein, prolonged the life of the rats beyond 3 weeks by destroying reproductive integrity of the majority of the injected cells which reached the lungs. However, the majority of rats subsequently died from growth in the hindquarters and tail of tumour cells which lhad become trapped en route to the lungs at the timne of injection, by being diverted into the venous plexuses associated with tributaries of the main venous route from the tail to the lungs; these include pudendal, haemorrhoidal, obturator, lumbar and vertebral venous plexuses which drain into the iliac veins and vena cavae (Greene, 1968; Fig. 1) . In these regions the trapped tumour cells proliferated rapidly and formed large solid tumour masses which destroyed muscle and bone and caused compression of the spinal cord and paraplegia ( Fig. 1 ). Trapped cells also formed large tumour masses in the paravertebral musculature of pelvis and lower abdomen, posteriorly over the sacrum and not infrequently in gluteal and thigh muscle. Tumour cells trapped in the capillary and venous plexuses of the tail formed palpable nodules proximal to the site of injection along the length of the tail (Fig. 2) Fig. 2) ; the manoeuvre did not reduce trapping and growth of tumour cells in the lumbosacral and pelvic regions. The experiment was repeated with 40 rats, injected intravenously with 5 x 104 W-256 cells, in which venous occlusion was maintained for 30 s after the injection and the rats were given 750 rad LTI one h later. All 40 rats developed solid tumours in the lumbosacral and pelvic region, 33 rats developed paraplegia, and 20 of 26 rats which survived for 21 days after injection developed palpable tail nodules. Although a modest dose of 750 rad x-rays to the tail given 1 h after the injection reduced the incidence of tail nodules, it did not significantly affect trapping and growth of tumour cells in the lumbosacral venous vasculature (Table  I) .
Arterial occlusion. Rats were injected intravenously with tumotur cells 20 s after an arterial tourniquet was released, which had been applied to the base of the tail for 15 min, i.e. when reactive hyperaemia had been induced. Only a quarter of the rats in this group developed tail nodules compared with all rats in which the flow of blood remained unobstructed (Table II) . In this experiment, the rats received a sublethal dose of 500 rad WBI (with the tail shielded) after injection of the tumour to reduce the growth of cells which escaped from the tail; the rats in which tail colonies did not grow survived for 7 weeks and were free of tumour at autopsy. Injection of the cells (delayed for 80 min after release of the tourniquet) when the phase of reactive hyperaemia had resolved, increased the incidence of rats in which tail nodules developed. Ten-week old rats were used in this experiment and in the group in which the venous outflow was arrested for 5 s to " hold " temporarily the cells in the tail, all rats developed tail tumour nodules; these were more numerous than in rats in which the blood flow remained intact, and the rats also died earlier.
Local irradiation of tail.-Local irradiation of the tail with a single dose of (Fig. 4) , in contrast to the result shown in Fig. 3 (Fig. 5) . When the tourniquet was released to restore the flow of blood in the tail, the flow of labelled tumour cells to the lungs was very sluggish in normal rats, whereas restoration of the blood flow produced a rapid clearance of cells from the tail to the lungs in heparinized rats. In both untreated and heparin treated rats, massaging the tail after release of the tourniquet increased the rates of flow of cells to the lungs, which demonstrated that venous stasis had caused trapping of tumour cells in the vasculature of the tail. An intraveous injection of 1 ml isotonic saline into the distal third of the tail also mobilized a proportion of trapped tumour cells. The various changes did not differ when the tail of the rat had been irradiated locally with a single dose of 1500 rad 7 days before the intravenous injection.
Di)stribution of tumour cells trapped in tails of rats. Radioassays were performed of serial segments (1 cm long) of the tails of rats which were amputated 45 min after the W-256 cells, labelled with 125IUDR in vitro, were injected intravenously; venous outflow was occluded for 5 s after the injection was commenced. The results obtained showed that the concentration of trapped cells was highest at the site of injection and decreased rapidly towards the base of the tail (Fig. 6) . Tail colonies were generally most numerous in the proximal parts of the tail (Fig. 2) . This difference between trapping and colony distribution appears to be due partlv to thickness of tail (Greene, 1968 Batson (1940) and supported by Franks (1953 Franks ( , 1956 Withers and Milas, 1973; van den Brenk and Kelly, 1974c) . Furthermore, it has been shown that CFE in the lungs is also very low for multicellular aggregates of spontaneous murine mammary carcinomata injected intravenously in unirradiated syngeneic recipient mice, i.e. for tumour emboli which cannot fail to trap in the lungs, and that CFE is similarly increased after local irradiation of the lungs in this system (Thompson, 1974) . In human cancer many free cancer cells are frequently present in the venous blood, en route to the lungs, but fail to produce lung metastases (Willis, 1948; Cole et al., 1961) . It follows that although the lungs have the priority of trapping blood-borne single cancer cells (or aggregates) the yield of puilmonary metastases is often lower than expected, and the yields of blood-borne metastases produced by a variety of commoner forms of cancer (including breast and urogenital tract) may be as high or higher in other organs. This suggests that a major physiological mechanism resides in the lungs, which adversely affects the survival of cancer and probably other foreign cells, and that this mechanism differs in its stimulation, rate of onset and other characteristics from those of host versus tumour immunity.
Reports that anticoagulant therapy reduced the incidence and growth of metastases from tumours transplanted in animals (Wtood et al., 1.961) and the incidence of cancer in humans (Michaels, 1964) al., 1972; Powles et al., 1973) .
CFE of W-256 and Y-P388 tumour cells in the lungs is much higher in 3-week old (weanling) rats than in older rats; this decrease in CFE occurs very rapidly during the third week of postnatal life (van den Brenk et al., 1973a) . We suggest that maturation of pulmonarv tissues which occurs during postnatal development markedly enhances the resistance of the lungs to the survival and growth of cancer cells, and possibly other foreign cells which become trapped in the organ; the milieu interieur in the adult organ rapidly loses its growth supporting qualities, which results in the increased rejection and death of grafted " cells. This protective physiological function of lung tissue against " hostile" elements in the circulation brings to mind a somewhat similar rapid inactivation of certain vasoactive hormones (e.g. bradykinin) brought by venous blood to the organ (V7ane, 1969) .
Rejection of cancer cells by the lungs is decreased markedly by local irradiation (van den Brenk et al., 1973a) and by nonspecific inflammatory reactions induced in the lungs by a variety of agents (van den Brenk et al., 1974b) , and is counteracted by anti-inflammatory agents (van den Brenk et al., 1974a) . Antiinflammatory agents also decrease osteolytic destruction of bone by tumours (Powles et al., 1973) . By analogy, it follows that prevention of lung damage and conservation of pulmonary functions would seem to warrant serious consideration with respect to spread of cancer in man and its treatment.
